ABSTRACT Background: Age-associated declines in muscle mass and function are major risk factors for an impaired ability to carry out activities of daily living, falls, prolonged recovery time after hospitalization, and mortality in older adults. New strategies that can slow the agerelated loss of muscle mass and function are needed to help older adults maintain adequate performance status to reduce these risks and maintain independence. Objective: We evaluated the efficacy of fish oil-derived n-3 (v-3) PUFA therapy to slow the age-associated loss of muscle mass and function. Design: Sixty healthy 60-85-y-old men and women were randomly assigned to receive n-3 PUFA (n = 40) or corn oil (n = 20) therapy for 6 mo. Thigh muscle volume, handgrip strength, one-repetition maximum (1-RM) lower-and upper-body strength, and average power during isokinetic leg exercises were evaluated before and after treatment. Results: Forty-four subjects completed the study [29 subjects (73%) in the n-3 PUFA group; 15 subjects (75%) in the control group]. Compared with the control group, 6 mo of n-3 PUFA therapy increased thigh muscle volume (3.6%; 95% CI: 0.2%, 7.0%), handgrip strength (2.3 kg; 95% CI: 0.8, 3.7 kg), 1-RM muscle strength (4.0%; 95% CI: 0.8%, 7.3%) (all P , 0.05), and tended to increase average isokinetic power (5.6%; 95% CI: 20.6%, 11.7%; P = 0.075). Conclusion: Fish oil-derived n-3 PUFA therapy slows the normal decline in muscle mass and function in older adults and should be considered a therapeutic approach for preventing sarcopenia and maintaining physical independence in older adults. This study was registered at clinicaltrials.gov as NCT01308957.
INTRODUCTION
The preservation of muscle mass and function is critical for the prevention of physical frailty, mobility disability, and loss of independence in older adults. During middle age, muscle mass begins to decline at a rate of w0.5-1.0% per year; in addition, muscle tissue undergoes morphologic changes that are manifested by increased infiltration with fat and connective tissue, which negatively affects muscle strength (i.e., maximal force produced) and power (i.e., amount of work performed per unit of time), and results in a w2-3% decline of muscle function per year (1) (2) (3) (4) . Reduced muscle strength and power are key predictors of serious adverse outcomes in older adults, including the inability to carry out activities of daily living (5) , increased risk of mobility disability (6) (7) (8) , falls (w20% increase in the incidence rate for each w15% decrease in lower-leg strength) (9) (10) (11) (12) , length of hospital stay (13) , and mortality (e.g., w4% increase for every 1-kg decrease in grip strength) (14) .
Adequate protein intake and regular physical activity, particularly resistance exercise, are the cornerstones for maintaining adequate muscle mass and physical performance throughout life (15, 16) . Although most older adults eat sufficient protein (17) , a plethora of health-, environment-, and self-related factors are often barriers to regular physical activity (18) . Accordingly, only w25% of older Americans regularly engage in exercise, and fewer than 20% of older adults perform resistance exercise at least 1 time/wk (19, 20) . However, even life-long exercisers and highly trained athletes suffer a progressive loss of muscle mass and physical performance with aging (21, 22) . Testosterone, growth-hormone, and dehydroepiandrosterone therapy increase muscle mass and function (23) (24) (25) , but their use is limited because of undesirable side effects. Therefore, new strategies that can slow the age-related loss of muscle mass and function are needed to prevent sarcopenia and help older adults maintain adequate performance status and independence.
Results from studies conducted in cancer patients, people with rheumatoid arthritis, and resistance-exercise-trained people suggested that fish oil-derived n-3 PUFAs can stimulate muscle growth and enhance strength (26) (27) (28) . However, to our knowledge, a robust assessment of their effects on muscle mass and function in the older adult population has not been made. Therefore, the purpose of the current study was to test the hypothesis that fish oil-derived n-3 PUFA therapy increases (or slows the loss of) muscle mass and function in older adults.
Sixty healthy 60-85-y-old men and women participated in the study, which was approved by the Human Research Protection Office and the Clinical Research Unit Advisory Committee at Washington University School of Medicine in St. Louis, Missouri. Written informed consent was obtained from all subjects before their participation in the study. All subjects completed a comprehensive medical evaluation, which included a history and physical examination, a 75-g oral-glucose-tolerance test, and standard blood tests, which were performed by the Clinical Laboratory Improvement Amendments-certified Core Laboratory for Clinical Studies at Washington University School of Medicine.
Exclusionary criteria were as follows: BMI (in kg/m 2 ) #18.5 or $35.0; unstable body weight (i.e., .2-kg change during the past 6 mo); exercise training (i.e., $1.5 h of exercise per week); serious chronic disease (e.g., cardiopulmonary disease, diabetes, chronic kidney disease, or cancer); a modified Physical Performance Test score ,17 of 36 (29) ; treatment with medications that could affect muscle function (e.g., 3-hydroxy-3methyl-glutaryl-CoA reductase inhibitors, corticosteroids, or androgenor estrogen-containing compounds) #1 y before enrolling in the study; musculoskeletal or neuromuscular impairments that could interfere with exercise testing; metal implants that could interfere with MRI; cognitive impairments that could interfere with obtaining informed consent, treatment adherence, or testing procedures; use of tobacco products; excessive alcohol consumption (.21 and .14 units/wk for men and women, respectively); consumption of .2 servings fatty fish/wk; and use of fish-oil products.
Study design
We conducted a 6-mo, double-blind RCT to evaluate the effect of fish oil-derived n-3 PUFA therapy on muscle mass and muscle function. The primary outcome measures of this study were 1) thigh muscle volume, 2) handgrip strength, 3) onerepetition maximum (1-RM) muscle strength (composite score for leg press, chest press, knee extension, and knee flexion), and 4) average isokinetic muscle power (composite of isokinetic knee extension at 60 o /s, knee flexion at 60 o /s, knee extension at 180 o /s, and knee flexion at 180 o /s). In addition, we evaluated 1) body fat mass (to evaluate potential adverse treatment effects on body composition), 2) intermuscular fat content [which is an important determinant of muscle function (30, 31) ], and 3) red blood cell n-3 PUFA content (a measure of compliance with n-3 PUFA intake). Safety measures included standard blood tests, blood pressure, oral glucose tolerance, and plasma lipid and liver enzyme concentrations.
Subjects were randomly assigned in a 2:1 fashion to either n-3 PUFA therapy [four 1-g pills/d n-3-acid ethyl esters (Lovaza, GlaxoSmithKline plc) that provided a total of 1.86 g EPA (20:5n-3) and 1.50 g DHA (22:6 n-3)/d, which is equivalent to the n-3 PUFA content of 200-400 g freshwater fatty fish (e.g., salmon, herring, and sardines) (32) ] or a placebo control (4 identical looking pills/d that contained corn oil) for 6 mo. Both n-3 PUFA and corn-oil pills were kindly provided by GlaxoSmithKline plc. Subjects were instructed to consume 2 pills in the morning with breakfast and 2 pills in the evening with dinner. Compliance was assessed by a pill count at the end of the study. To help ensure the reliability of the pill count, subjects were given an excess number of pills and asked to return any remaining pills at the end of the study. Study endpoints were assessed before starting the treatment and again after w3 mo (12.5 6 1.1 wk mean 6 SD for all variables except body composition, thigh muscle volume, and red blood cell n-3 PUFA content) and 6 mo (25.2 6 2.4 wk) of treatment.
Outcomes assessments
The following assessments were completed during outpatient visits to the Clinical Research Unit or the Center for Clinical Imaging Research at Washington University School of Medicine:
Body weight and body composition
Body weight was measured on a Seca 703 scale (Seca) to the nearest 0.1 kg. Total-body fat mass was evaluated by using dualenergy X-ray absorptiometry (Lunar iDXA; GE Healthcare Lunar). Thigh muscle volume and intermuscular fat content were quantified by using MRI [1.5-T superconducting magnet (Siemens) and Matlab software (Mathworks, version R2012b)]. The region of interest constituted twenty-two 8-mm-thick consecutive bilateral T1-weighted axial images, which were acquired with 1 Data represent baseline characteristics for subjects who completed the study in treatment and control groups. ALT, alanine aminotransferase; AST, aspartate aminotransferase; OGTT, oral-glucose-tolerance test; PPT, Physical Performance Test; 1-RM, one-repetition maximum. 2 Comparisons between groups was performed by using Student's t test for independent samples (for normally distributed data sets) or the Mann Whitney U test (for skewed data sets). 3 Mean 6 SD (all such values for normally distributed data sets) 4 Values (except for 2 h post-OGTT) were obtained after an overnight fast. 5 Median; quartiles in parentheses (all such values for skewed data sets). 6 Values ranged from 0 to 36. Scores 32-36 indicate no clinically significant deficit (29) .
and without fat saturation starting 10 cm proximal to the distal edge of the femur.
Muscle strength and average isokinetic power
Subjects attended an orientation session to become familiar with the exercise equipment and testing procedures. After a median of 6 d (IQR: 3-7 d), all testing procedures were repeated, and the better of the results for each exercise on the 2 testing days was used as each subject's baseline value. Handgrip strength was measured by using a Jamar hydraulic hand dynamometer (Patterson Medical). 1-RM muscle strength (i.e., the maximal amount of weight that each participant was able to lift just once) was evaluated by using a Hoist multistation weight machine (Hoist Fitness Systems) for the following exercises (all bilateral): leg press, chest press, knee extension, and knee flexion. The goal was to attain the 1-RM for each exercise after w5 incremental weight lifts; at every stage, subjects were allowed a second attempt during 1-RM testing if they were unable to lift an incremental weight the first time. Average isokinetic muscle power was evaluated by unilateral (dominant leg) testing of knee extensors and flexors at speeds of 60 o /s and 180 o /s by using a Biodex 3 dynamometer (Biodex Medical Systems). Each exercise was repeated 3 times, and the mean of the 2 highest average power recordings for each exercise was used for analysis.
Red blood cell fatty acid composition
Red blood cell lipids were extracted by using a modified Folch method (33) . After blood samples were centrifuged 4200 3 g for 10 min at 48C, and plasma and the buffy coat were removed, lipids were extracted in a chloroform:methanol mixture (2:1) that contained 0.01% butylated hydroxytoluene. Water was added, and the lipid-containing layer was aspirated and dried under vacuum. The dried lipid fraction was reconstituted in a methanol solution that contained 10% acetyl chloride to prepare fatty acid methyl esters (34,) and the fatty acid profile was determined by using gas chromatography-mass spectrometry (MSD 5973 System; Hewlett-Packard).
Statistical analysis
Statistical analyses were carried out with SPSS version 21 for Windows software (IBM). All variables were tested for normality by using the Kolmogorov-Smirnov test. Student's t test (for normally distributed variables) and the Mann-Whitney U test (for skewed variables) were used to compare subject characteristics in the n-3 PUFA and control groups at baseline. An ANCOVA with the baseline value as a covariate was used to evaluate the effect of n-3 PUFA therapy on thigh muscle volume, body weight, fat mass, intermuscular fat content, blood pressure, plasma lipid and liver enzyme concentrations, and glucose tolerance, which were evaluated at baseline and 6 mo of treatment only. A linear mixedmodel ANOVA was used to evaluate differences in handgrip strength, 1-RM muscle strength, and average isokinetic muscle power between the control and n-3 PUFA groups; when significant, group 3 time interactions were detected, and post hoc analyses were used to locate differences. A composite 1-RM muscle-strength score (i.e., sum of 1-RM leg press, chest press, knee extension, and knee flexion) and a composite average isokinetic muscle-power score (sum of average isokinetic muscle power during knee-extension exercises at 60 P # 0.05 was considered statistically significant. Baseline data are presented as means (6SDs) for normally distributed data sets or median (quartiles) for skewed data sets. Changes over time and treatment effects are presented as mean changes 1 All values are means with upper and lower 95% CI bounds in parentheses. Values represent changes from baseline at 6 mo for subjects who completed the study in treatment and control groups. ALT, alanine aminotransferase; AST, aspartate aminotransferase; OGTT, oral-glucose-tolerance test.
2 Effect of n-3 PUFA treatment (compared with the control) was evaluated by using an ANCOVA with the baseline value as the covariate. 3 Values (except for 2 h post-OGTT) were obtained after an overnight fast.
and between-group differences and their 95% confidence bounds, respectively.
Power calculation
Our power calculation was based on previously published changes in thigh muscle volume (evaluated by using MRI in our research facility) (35) and handgrip strength (36) in response to nutrition interventions in older adults (i.e., a 26.9 6 3.4% change in thigh muscle volume and a 0.6 6 1.9-kg change in handgrip strength). With the use of the reported SDs, a sample size of 48 subjects (i.e., n = 16 in the control group and n = 32 in the n-3 PUFA group, with the assumption of a 20% dropout rate in both groups), and 2-tailed tests, we estimated that we had enough power (0.80) to detect a $3.0% difference in thigh muscle volume and a $1.7-kg difference in handgrip strength between control and n-3 PUFA groups at the #0.05 significance level.
RESULTS

Subject flow, characteristics, and compliance
A total of 44 subjects [29 subjects (73%) in the n-3 PUFA group and 15 subjects (75%) in the control group] completed the study and were included in the analysis. The flow of study subjects is shown in Figure 1 . Baseline characteristics (sex, age, body weight, body composition, physical function, blood pressure, and metabolic profile) of subjects in treatment and control groups who completed the study were not statistically or clinically significantly different ( Table 1) . Baseline characteristics of subjects who dropped out of the study were also not different from those who completed the study (data not shown). The average compliance of subjects who completed the study, as judged by the leftover pill count, was 93.6 6 7.4% in the n-3 PUFA group and 91.8 6 8.1% in the control group. The red blood cell n-3 PUFA content increased by 135% (95% CI: 115%, 154%) in the n-3 PUFA group (from 5.8 6 1.0% to 13.2 6 1.9% of the total fatty acid content) and did not change (2%; 95% CI: 26%, 9%) in the control group (5.9 6 1.0% of the total fatty acid content before and 6.0 6 1.2% after).
Effects of n-3 PUFA therapy on body weight, body fat, and muscle mass and function Six months of n-3 PUFA therapy did not significantly affect body weight, total-body fat mass, or the intermuscular fat content ( Table 2) . However, compared with the control group, 6 mo of n-3 PUFA therapy increased thigh muscle volume (treatment effect at 6 mo: 3.6%; 95% CI: 0.2%, 7.0%; P , 0.05), handgrip strength (2.3 kg; 95% CI: 0.8, 3.7 kg; P , 0.01), and 1-RM muscle strength (4.0%; 95% CI: 0.8%, 7.3%; P , 0.05) (Figure 2 ). FIGURE 2 Changes (95% CIs) in thigh muscle volume, handgrip strength, and 1-RM muscle strength in the n-3 PUFA and control groups. Data represent average absolute and relative changes from baseline after 3 mo (white bars) and 6 mo (gray bars) of treatment with corn oil (control) and fish oil-derived n-3 PUFA and treatment effects at 6 mo (black bars). n = 15 in the control group (all figures); n = 29 in the n-3 PUFA group for thigh muscle volume and n = 28 for handgrip strength and 1-RM muscle strength because one subject could not complete the tests because of shoulder and arm pain at 3 and 6 mo. 1-RM strength represents the composite score (i.e., sum of all 1-RMs) for the following exercises: leg press, chest press, knee extension and knee flexion. An ANCOVA with the baseline value as a covariate was used to evaluate the effect of n-3 PUFA treatment on thigh muscle volume, which was measured only at baseline and 6 mo of treatment; *significantly different from the control group, P , 0.05. A linear mixed model ANOVA (with raw data collected at baseline and 3 and 6 mo) was used to evaluate differences in handgrip strength and 1-RM muscle strength between control and n-3 PUFA groups. Significant group 3 time interactions were identified, and post hoc analyses revealed the following: **significantly different from the corresponding value before treatment, P , 0.05. 1-RM, one-repetition maximum.
Average isokinetic muscle power tended to be increased by n-3 PUFA therapy at 6 mo (treatment effect: 5.6%; 95% CI: 20.6%, 11.7%; P = 0.075) but not at 3 mo (3.3%; 95% CI: 20.9%, 7.5%; P = 0.12).
Adverse events
No serious adverse events related to n-3 PUFA therapy occurred (Table 3) , and there were no n-3 PUFA therapy-related changes in blood pressure, plasma lipid and liver enzyme concentrations, and glucose tolerance ( Table 2 ). The mostcommonly reported side effect was a fishy aftertaste, which was reported by one-third of subjects in the n-3 PUFA group. Gastrointestinal symptoms were reported by 6 subjects (33%) in the control group and 11 subjects (31.4%) in the n-3 PUFA group.
DISCUSSION
Age-associated declines in muscle mass, strength, and power can have adverse effects on the ability to carry out activities of daily living and live independently in older adults (1, 2, 4-6, 8, 9, 12, 37). Exercise, particularly resistance-exercise training, and treatment with testosterone, growth hormone, or dehydroepiandrosterone (23) (24) (25) 28) have beneficial effects on muscle mass and function. However, in clinical practice, compliance with an effective exercise program is difficult to achieve, and the safety of long-term use of anabolic agents, such as testosterone and growth hormone, is unclear because they can cause serious side effects (including myocardial infarction). Therefore, new, safe, and effective therapies to prevent the aging-associated decline in muscle mass and function are much needed and could have considerable clinical and public health implications. In this RCT, we showed that 6 mo of n-3 PUFA therapy had both statistically and clinically significant beneficial effects on thigh muscle volume, handgrip strength, and upper-and lower-body 1-RM muscle strength and tended to increase the average isokinetic leg muscle power. In addition, treatment was well tolerated with only minor adverse effects. These data show that fish oil-derived n-3 PUFA supplementation deserves consideration as a potential therapy to slow, and possibly prevent, the agingassociated decline in physical function.
Changes in muscle mass and function induced by n-3 PUFA therapy in our subjects were less than those reported with exercise training (28, 38) but the same or greater than those achieved with testosterone (24, 25) , growth-hormone (25), or dehydroepiandrosterone (23) therapy in older adults and clearly clinically relevant. The difference in muscle volume between n-3 PUFA and control groups at 6 mo was w3.5%, and the difference in muscle strength was w6%, suggesting that 6 mo of n-3 PUFA therapy can prevent 2-3 y of normal age-associated losses in muscle mass (w0.5-1.0%/y) and function (w2-3%/y) (1-4).
The exact mechanisms by which fish oil-derived n-3 PUFA therapy increases muscle mass are not known but likely involve alterations in both anabolic and catabolic pathways. We previously reported that fish oil-derived n-3 PUFA therapy increased the rate of muscle protein synthesis (39) , and studies conducted in isolated mouse muscles showed that n-3 PUFAs attenuated muscle protein breakdown (40) . The beneficial effects of n-3 PUFA therapy on muscle strength and average isokinetic muscle power could also be related to their beneficial effect on the muscle lipid content and mitochondrial function, which are important determinants of muscle function (31, 41, 42) . Several studies (43) (44) (45) conducted in cell cultures and animal models indicated that fish oil-derived n-3 PUFAs stimulate muscle mitochondrial biogenesis and mitochondrial content and function and reduce both total muscle and intramyocellular triglyceride contents. In addition, it is possible that the beneficial effects of n-3 PUFA therapy on muscle function were mediated through their known neuroprotective and motor-neuron excitability properties (28, 46) . The strengths of our study included the RCT design, long duration of the intervention, and comprehensive assessment of muscle mass and function. However, our study had some limitations. The fishy aftertaste of the n-3 PUFA pills might have prevented the true blinding of some of our study subjects, and we did not control or monitor dietary intake of our subjects, although they were asked to maintain their habitual dietary intakes throughout the entire study period. In addition, we a priori decided to evaluate 4 key outcome measures related to muscle size and function (i.e., muscle volume, handgrip strength, 1-RM muscle strength, and average isokinetic muscle power), which increased the chance of a false-positive effect. All analyses were performed on a completers-only basis. However, characteristics of subjects who dropped out were not different from those who completed the study; reasons for dropout in n-3 PUFA and control groups were well balanced and similar in the 2 groups, and all completers were included irrespective of how well they adhered to the intervention. Last, our study only involved healthy older adults who did not have clinically significant physical impairments or diminished physical function. Therefore, our study could not determine whether n-3 PUFAs have therapeutic effects in the older adult population who has the greatest immediate need for maintaining mobility and physical function. Alternatively, it is possible that the magnitude of gains in muscle size and strength would have been even greater in a population with significant deficits. Additional studies are needed to determine whether n-3 PUFA therapy can reduce the rate of loss or even increase muscle mass and function in sarcopenic older adults.
In summary, results from our study show that fish oil-derived n-3 PUFA therapy has clinically important muscle anabolic and physical performance-enhancing effects in older adults. Additional studies are needed to determine whether long-term n-3 PUFA therapy can sufficiently slow the declines in muscle mass and function that normally occur in older adults to significantly delay or even prevent sarcopenia and a loss of physical independence or cure it in already sarcopenic persons.
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